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Abstract 
 
This paper discusses the use of Fourier Transform Infrared Spectroscopy (FTIR) and X-Ray 
Photoelectron Spectroscopy (XPS) for the detection of bond line contamination and for the 
development of new surface treatment procedures. On the example of an autoclave-cured carbon 
fibre reinforced plastic bond surface it is shown how the two surface analysis methods can be 
used to detect release agent contamination. In a second step the contaminated surfaces are 
subjected to common aerospace surface preparation procedures. By using the surface analysis 
techniques the effects of the surface preparation is evaluated. The results presented in the 
research show that in particular XPS is well suited to detect contamination of the bond surface 
prior to bonding. 
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Introduction 
 
The joining of fibre reinforced composites is generally performed either by mechanical 
fastening or adhesive bonding. Adhesive bonded joints are used increasingly in structural 
components made of fibre reinforced composites [1]. The advantage of adhesive bonded, over 
mechanically fastened, joints is that the structure is not weakened by holes which interrupt the 
continuity of the fibres and lead to local stress concentrations. Moreover, the structural weight of 
the component is lower, since no metal parts are used for the joint [1]. 
Despite many successful applications, secondary bonding is still met with some scepticism. A 
major factor contributing to the uncertainty surrounding secondary bonded joints is the difficulty 
of ensuring contaminant free joint surfaces. Contaminated bond surfaces are one of the major 
causes of premature joint failure. Simple bond surface preparation tests like the water-break 
(wetting) test often fail to detect weak boundary layers and also do not provide sufficient 
information about the quality of the bond surface. Precise information about bond surface 
contamination is of particular interest when establishing new bonding processes or when 
developing new surface treatments. 
Two surface analysis techniques which have great potential for providing detailed information 
about the bond surface are attenuated total reflection (ATR) Fourier transform infrared 
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). The advantage of these 
techniques is that chemical or elemental information is obtained from the surface. 
This paper investigates the use of ATR-FTIR and XPS for the detection of bond surface 
contamination and their use for the development of new surface treatment procedures. 
Autoclave-cured carbon fibre reinforced plastic bond surface are used to show how the two 
surface analysis methods can be used to detect release agent contamination. In a second step the 
contaminated surfaces are subjected to common aerospace surface preparation procedures. By 
using these surface analysis techniques the effects of the surface preparation is evaluated.  
 
Method 
 
In this research the two chemical surface analysis techniques, ATR-FTIR and XPS were used 
to detect contamination on the bond surface. A detailed description of these two surface analysis 
techniques is provided in the following two sections. 
 
Attenuated total reflection Fourier transform infrared spectroscopy 
 
ATR-FTIR is a common analysis technique used to obtain chemical information from the 
surface of a material. Typically an infrared light beam (IR beam) from the mid-infrared region, 
with a wave length between 2.5 and 25 µm, is used. The specimen to be analysed is brought into 
contact with an optically dense crystal (ATR crystal), which also has a high refractive index at a 
certain angle. When the IR beam is directed onto this crystal an evanescent wave is formed 
which also protrudes a few micrometer into the specimen (typically 0.5 µm - 5 µm) [2]. The 
absorbance of the evanescent wave by the specimen material at different frequencies produces a 
unique "spectral fingerprint". Information about chemical composition of the surface is obtained 
from the infrared spectra, since absorption energies can be related to specific vibrational modes 
of the chemical bonds.  
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All infrared spectra were recorded with a Thermo Nicolet-5700 infrared spectrometer using 
an ATR attachment with a diamond window. The spectrum was recorded for wave numbers 
ranging from 525-4000 cm-1 with a resolution of 4cm-1 resolution. A total of 64 scans were 
averaged. The background spectrum was acquired every 20 minutes. Background subtraction 
was carried out for all spectra recorded.  
 
 
X-ray photoelectron spectroscopy 
 
XPS is one of the most widely used analysis techniques to determine the chemical 
composition of material surfaces. During an XPS experiment the material surface is bombarded 
with X-rays, which excite the core electrons of the elements present on the surface. If the core 
electrons acquire enough energy they are ejected from the surface. The energy of the ejected 
electrons is characteristic for each element and also varies according to the element’s bonding 
environment. Analysis of the characteristic energy spectrum therefore provides both elemental 
and chemical bonding information of the surface [3]. The information depth of XPS is 
approximately 10 nm (30 atomic layers), although the majority of the signal originate from the 
first 3 nm. XPS has a very high sensitivity and allows quantitative elemental analysis [4]. 
All data presented in this research was acquired using a Kratos Axis ULTRA XPS 
Spectrometer with a monochromatic Al Kα X-ray source. Survey scan were carried out over 0 – 
1200 eV binding energy range with 1 eV steps and a dwell time of 100 ms. The sampling area 
was 700 µm x 300 µm. Atomic concentrations were calculated using CasaXPS version 2.3.12 
software. 
 
 
Materials 
 
In order to investigate the suitability of the two surface analysis techniques for the detection 
of bond surface contamination, samples were manufactured replicating a typical aerospace 
composite prepreg/autoclave manufacturing process. The prepreg system used was HexPly 
M18/1, G939, a toughed epoxy resin with woven carbon fibre reinforcement. Circular test 
coupons with a diameter of 20 mm and a thickness of 2 mm were manufactured by cutting the 
individual coupons with a hole punch from a larger sheet. The stacking sequence of the prepreg 
laminate was [(0,90)2]S.  
Frekote NC-44 mould release agent, supplied by Henkel was used as a mould release agent. 
Three coats of release agent were applied and left to dry for three hours prior to commencing the 
prepreg layup. Figure 1 provides an overview of the vacuum bagging sequence as well as the 
consumables used in this research.  
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Figure 1: Vacuum bagging sequence during specimen manufacturing 
 
A total of 10 samples were manufactured. Five types of samples were analysed using each 
technique. The different surface preparation procedures carried out prior to the surface analysis 
are summarized in Table 1. The first sample was analysed as-received from the mould (Sample 
Nr. 1.1 and 1.2).  
The second sample type (Sample Nr. 2.1 and 2.2) was produced by wiping the sample surface 
with Methyl ethyl ketone (MEK) on a lint free cloth to remove any organic contamination. 
The samples of the third type (Sample Nr. 3.1 and 3.2) were given a standard bonding surface 
preparation as specified in MIL-HDBK-337. The standard surface preparation involved wiping 
the composite surface with MEK in order to remove gross organic contaminants followed by 
sanding of the surface with Scotch-Brite Hand Pads and finally wiping the surface with MEK on 
a lint free cloth to remove sanding residue.  
To replicate the worst possible case of surface contamination the fourth and fifth sample types 
were coated with release agent. Four layers of Frekote NC-44 were applied to the samples 
surface. The samples of the fourth type (Sample Nr. 4.1 and 4.2) were analysed after the 
application of the release agent and samples of the fifth type (Sample Nr. 5.1 and 5.2) were 
analysed after cleaning the surface according to the standard surface preparation described 
above. Purpose of this sample was to investigate the effectiveness of the surface preparation 
procedure in removing release agent contamination. 
 
Table 1: Surface preparation   
 
 Sample number 
Surface preparation FTIR XPS 
None 1.1 1.2 
Surface cleaned with MEK  2.1 2.2 
Standard surface preparation (MIL-HDBK-337) 3.1 3.2 
Mould release applied to the surface 4.1 4.2 
Standard surface preparation (MIL-HDBK-337) 
after the surface was coated with mould release 5.1 5.2 
 
To facilitate the analysis of the spectra obtained from FTIR and XPS, detailed knowledge of 
the chemical composition of the prepreg and the release agent is required. The following two 
sections briefly describe the chemical composition of the Hexply M18/1 prepreg resin and the 
Frekote NC-44 mould release. 
Vacuum Bag 
(Wrightlon® WL7400) 
Tooling Plate (Stainless Steel) 
Breather 
(Airweave® N10) 
HexPly M18-1 (epoxy prepreg) 
Release Film 
(Wrightlon® WL5200 ) 
Tacky Tape 
SM5143 
 
Release Agent 
(Frekote® 44-NC) was 
applied to the tool plate 
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Chemical composition Hexply M18/1 
 
M18/1 consists of the tetra functional epoxy resin, Tetraglycidyl methylenedianiline 
(TGMDA) and three curatives used in different concentrations. The three curatives are 
4,4Methylenebis(2,6-diethylaniline) (MDEA), 4,4 Methyylenebis (2-isopropyl-6-methylaniline) 
(MIPA) and Diaminodiphenylsulphone (DDS). In addition to the resin and the curatives, HexPly 
M18/1 also contains approximately 6% (total weight fraction) of the thermoplastic toughener 
Polyerterimide (PEI), as reported in recent studies [5]. Of particular interest during XPS surface 
analysis is the presence of Nitrogen (from the amine functional group present in the three 
curatives) and Sulphur (present in DDS) which can be used to indentify the epoxy resin. 
However it is expected that the sulphur atom might not be detected by XPS, since its atomic 
percentage is < 1% within the epoxy resin. 
 
 
Chemical composition Frekote NC44 
 
Mould release agents applied to manufacturing tools generate a non-bondable surface through 
series of mechanisms. In the case of Frekote NC-44, these include filling porosities of the mould 
to preventing mechanical interlocking, providing hydrophobic surfaces (no polar functional 
groups), and creating a weak boundary layer due to weak cohesive forces of the siloxane 
polymer. The Frekote range uses polyfunctionalsiloxanes [6,7], which is found to be 
poly(dimethylsiloxane) (PDMS) for NC-44, with the molecular structure shown in Figure 2. 
PDMS is typically present in concentrations <5% and is dissolved in dibutyl ether. This solvent 
evaporates completely once the release agent is applied to the mould.  
 
 
Figure 2: Chemical structure of poly(dimethylsiloxane) (PDMS) as found in Frekote® NC-44 
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Results 
 
The initial stage of the experimental work consisted of characterizing the mould release agent 
(the primary source for surface contamination) using both FTIR and XPS techniques. Sample 4.1 
and 4.2 were used for this purpose. As described above, this sample type contains a thick coat of 
Frekote NC-44 release agent. It is assumed that the majority of the spectral information collected 
comes from the release agent coat and not from the underlaying substrate. The obtained FTIR 
and XPS spectrum are shown in Figure 3a and Figure 3b, respectively. The FTIR absorbance 
peaks are characteristic for PDMS and could be identified using information provided in [8,9].  
 
The XPS survey scan in Figure 3b reveals the presence of O, C and Si elements exclusively. 
The atomic percentages of the signals are O: 24.2%, C: 53.6%, and Si: 22.3%, which 
corresponds to a O:C:Si ratio of approximately 1:2:1. This is in accordance with the molecular 
structure of PDMS shown in Figure 2. High resolution scans of the O, C, and Si regions show 
only one component binding energies, which corresponds to C-Si and Si-O covalent bonds, 
occurring at 284.32eV for C, 531.87eV for O, and 109.79eV for Si 2p3/2. Thus indicating that no 
other chemical bonds such as Si=O are present in the release agent. 
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(a) FTIR spectrum for NC-44 (b) XPS spectrum for Frekote NC-44 
 
Figure 3: Spectrum of Frekote NC-44, (a) ATR-FTIR, (b) XPS 
 
 
 
4.1 (a) 
4.1 (b) 
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Results Attenuated total reflection Fourier transform infrared spectroscopy 
 
The ATR-FTIR spectrum of as-received, solvent wiped and standard surface preparation 
specimen (Sample 1.1, 2.1 and 3.1 respectively) are shown in Figure 4. Due to the complex 
composition of the HexPly M18/1 resin not all peaks could be identified conclusively. Some of 
the characteristic peaks are briefly discussed below.  
The peaks at 1720 and 1776 cm-1 are characteristic for the carbonyl groups in the imide ring 
of PEI, whereas the peaks at 1514 and 1611 cm-1 are characteristic for the aromatic ring 
structures in the epoxy resin [5,10]. The FTIR spectrum of sample 1.1, 2.1 and 3.1 are identical, 
indicating that there is either no contamination on the bond surface or no contamination could be 
picked up using ATR-FTIR. 
 
  
(a) Full ATR-FTIR spectrum of sample 1.1, 
2.1 and 3.1 
(b) ATR-FTIR spectrum of sample 1.1, 2.1 and 
3.1 (500-1900 cm-1) 
 
Figure 4: ATR-FTIR Spectrum of Sample 1.1, 2.1 and 3.1 
 
The ATR-FTIR spectrum of Sample 3.1 and 5.1 match precisely (shown in Figure 5). This 
suggests that either all contamination is removed by the surface preparation of the heavily 
contaminated Sample (Sample 5.1) or that ATR-FTIR is not sensitive enough to pick up release 
agent contamination.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Full ATR-FTIR spectrum of sample 3.1 and 
5.1 
(b) ATR-FTIR spectrum of sample 3.1 and 5.2 
(500-1900 cm-1) 
 
Figure 5: ATR-FTIR spectrum of sample 3.1 and 5.1 
Sample 1.1 
Sample 2.1 
Sample 3.1 
Sample 1.1 
Sample 2.1 
Sample 3.1 
Sample 3.1 
Sample 5.1 
Sample 3.1 
Sample 5.1 
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Results X-ray photoelectron spectroscopy 
 
The XPS spectrum of the M18/1 laminate manufactured using the standard aerospace 
procedures without any surface preparation (Sample 1.2) is shown in Figure 6a. The elemental 
analysis obtained through XPS survey scan, indicates the presence of Carbon, Oxygen and 
Nitrogen from the epoxy resin (see Figure 6), as well as contamination from the mould release 
agent evidenced by Silicone, in the order of 6%. Further contamination of Fluorine (~6%) has 
also been detected on the surface, which is thought to originate from the ETFE release film used 
in the vacuum bagging (Figure 1) of the samples manufacturing. A possible explanation for the 
Fluorine contamination is the release of tetrafluoroethylene (TFE) monomers or free radicals at 
elevated temperatures (180ºC) during the curing process. The remaining unlabelled peaks of the 
spectrum correspond to Si 2s (150.5eV), F Auger (833 and 859 eV), and O Auger (979 and 999 
eV). 
The surface analysis of an identical laminate cleaned with MEK (Sample 2.2) and one with 
surface preparation (sanding with scotch-brite and cleaning with MEK) according to standard 
aerospace procedures (Sample 3.2) are shown in Figure 6b and Figure 6c, respectively. The 
Calcium element observed on Sample 3.2 (Figure 6c) originated from the scotch-brite abrasive 
pad. Calcium along with carbon and oxygen was also observed on the XPS spectrum of a pure 
scotch-brite specimen which confirms the above finding. 
Figure 6d shows the XPS spectrum of a laminate purposely contaminated with excess release 
agent (Sample 4.2). The contamination is evident by the presence of Silicone on the surface. 
Sample 5.2 which was contaminated in the same way as Sample 4.2, was subjected to the 
standard aerospace surface preparation procedure, in order to evaluate the effectiveness of the 
method in removing contamination. The XPS result for sample 5.2 are shown in Figure 6e and 
contains similar characteristic peaks as the spectrum of Sample 3.2 shown in Figure 6c.  
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(a) Composite surface manufactured through 
standard aerospace procedure (in contact with mold 
release agent) – Sample 1.2  
(b) Composite surface manufactured through 
standard aerospace procedure + Cleaning with 
MEK – Sample 2.2  
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(c) Composite surface manufactured through 
standard aerospace procedure & Surface 
Preparation – Sample 3.2 
(d) Mold release agent applied to composite surface 
post-manufacturing – Sample 4.2 
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(e) Mold release agent applied to composite surface 
post- manufacturing, followed by surface 
preparation – Sample 5.2 
 
Figure 6: XPS Spectra of HexPly M18/1 laminates as manufactured and after different surface 
preparation procedures 
10 
 
 
 
Discussion  
 
Reference samples using HexPly M18/1 laminate were manufactured under standard 
aerospace procedures, in which the epoxy laminate was layed-up on a stainless tool previously 
treated with mould release agent. FTIR analysis on Samples 1.1, 2.1 and 3.1 (Figure 4) does not 
reveal any contamination. Both the ‘as manufactured’ sample (Sample 1.1) and the sample with 
surface preparation (sample 3.1) show a similar FTIR spectrum. This indicates that both effects, 
the contamination with Frekote and the subsequent cleaning with MEK are not detectable using 
FTIR analysis. Nevertheless, severe contamination with release agent could be detected reliably 
as shown in Figure 3a for Sample 4.1.  
Although no significant difference in contamination could be detected using FTIR analysis of 
the Samples 1.1, 2.1 and 3.1, clear differences in the amount and type of contamination of the 
corresponding (Sample 1.2, 2.2 and 2.3) were easily detected using XPS analysis. See Figure 6 
for details. Silicone and Fluorine contamination are both found in the order of 6 atomic % and 
are attributed to release agent from the mould (containing silicone) and the ETFE film 
(containing fluorine) used in the vacuum bagging procedure. The XPS spectrum of Sample 2.2 
shown in Figure 6b indicates that these surface contaminations can be reduced to approximately 
3.4% for Frekote, and 1.5% for Fluorine by wiping the sample with MEK.  
Based on the results obtained for Sample 3.2, where no contamination of the release agent or 
the release film is visible (see spectrum shown in Figure 6c), it is demonstrated that the standard 
surface preparation procedure is effective in removing contaminations from the bond surface. 
Due to the high sensitivity of XPS, it is further possible to detect a Calcium contamination 
(found in the order or 0.4 atomic%) caused by the sanding with the scotch-brite pad. This amount 
is thought to be negligible and will likely not affect bond performance. 
The contamination of release agent applied directly to the laminate (Sample 4.2) is also 
confirmed by the results from the XPS analysis (see Figure 6d for details). The ratio of the peaks, 
an O:C:Si ratio of 1:2:1 found, confirms that Frkote NC-44 consists of Poly(dimehtylsiloxane).  
XPS analysis of the surface of the severely contaminated sample after the surface was prepared 
using the standard procedure (Sample 5.2) shows that all contamination from the release agent is 
removed by the surface preparation procedure (see spectrum in Figure 6e). Calcium 
contamination from the scotch-brite is again present in negligible quantities (< 1%). Both Figure 
6c and Figure 6e show very similar ratios of Carbon, Oxygen, and Nitrogen from the epoxy, 
which not only indicates a contaminant free surface, but also proves the repeatability of the 
surface preparation process.  
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Conclusion 
 
The results presented in this paper clearly show that ATR-FTIR does not provide sufficient 
sensitivity to detect contamination of a bond surface as it might occur in a standard aerospace 
composite manufacturing process. Only sever contamination could be detected using ATR-FTIR. 
XPS on the other hand, is deemed very suitable for the composite bond surface analysis 
discussed in the context of this paper. The results from the XPS analysis show that even very 
small concentrations of contaminants (as low as 0.4%) can be picked up with XPS. This renders 
XPS a well suited tool for the development of new surface preparation procedures. Whilst 
contamination of the bond surface by the release agent was to be expected, detection of Fluorine 
contamination, likely originating from the ETFE release film came as a surprise. Further 
investigation is required to determine the source of this contamination with certainty.  
A potential short coming of the XPS analysis technique is that the experiments have to be 
conducted under vacuum. This makes it impossible to analyse contamination from liquid 
compounds as these inevitably evaporate as soon as the vacuum is applied. FTIR techniques are 
better suited for the analysis of liquid contaminants. The detection of unexpected contamination 
sources advocates the use of sophisticated surface analysis techniques when establishing new 
processes or when introducing new materials into the process. The XPS analysis technique used 
in this work was found to be suitable for this purpose.  
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